Abstract A balanced resampling approach is presented for estimating confidence intervals for extreme flow quantiles determined from data at a single site. The approach is also adapted to provide resampled estimates for confidence intervals for extreme flow quantiles obtained from pooled frequency analysis. The balanced resampling approach does not require assumptions, in contrast to conventional approaches that are typically based on an asymptotic formula and require a distributional assumption. The approach is demonstrated to provide useful information in the context of both single site and pooled frequency analysis. The application of the approach also demonstrates the benefits of employing a pooled frequency analysis approach for estimating extreme flow quantiles.
INTRODUCTION
Many water resources applications require an estimate of a design flow, in the form of the magnitude of an extreme flow quantile, as well as an indication of the uncertainty associated with the estimate. The uncertainty measure is often expressed in the form of a confidence interval for the quantile estimate. Confidence intervals have traditionally been calculated using a formula that depends on the distribution function that has been fitted to the extreme flow data as well as the fitting method used to estimate the extreme flow quantiles (see, for example, Kite, 1977; Stedinger et al., 1993; Lu & Stedinger, 1992) . There are several shortcomings to this approach. First, the formulae that are generally used are asymptotic formulae implying that they may not be accurate for the short data records that are often available when extreme flow quantiles must be estimated. It should be noted that exact confidence intervals are available for some probability distributions combined with specific parameter estimation techniques. Second, the approaches generally involve making a distribution assumption for the estimates of the extreme flow quantiles. Typically, the extreme flow estimates are assumed to be normally distributed. The distribution assumption is then used to estimate the confidence intervals from a variance estimate obtained from an asymptotic formula. The assumed distribution may or may not be appropriate for a given data set.
An alternative approach is the calculation of confidence intervals through a resampling, or bootstrap, approach. This approach avoids having to make a distributional assumption and does not rely on the available sample size being large enough to ensure that the asymptotic behaviour of the approach applies. Furthermore, as a nonparametric estimation approach, resampling is easy to use and involves the same calculation approach regardless of the extreme flow cumulative distribution function to be fitted to the extreme flow data or the fitting method.
It is the intent of this paper to explore the use of resampling approaches for calculating confidence intervals for extreme flow quantiles for both single site and pooled analysis. The latter application appears to represent a unique contribution of this research. The next section of the paper provides an overview of the resampling methods that are used. This is followed by a comparison of the resampling approach to the use of an asymptotic formula for estimating confidence intervals for the Generalized Extreme Value (GEV) distribution. The application of the resampling approach to a number of single site and pooled frequency analysis cases and an exploration of the characteristics of the confidence intervals obtained follows. The final section of the paper summarizes the important conclusions from the research.
RESAMPLING APPROACH

Single site analysis
Confidence intervals can be calculated for the estimate of an extreme flow quantile at a single site using a balanced resampling approach (Reed, 1999) . Resampling approaches involve creating new samples from the original sample by a bootstrapping process which involves randomly selecting data points, with replacement, from the original sample and then estimating the extreme flow quantile from each of the resampled data sets. An empirical distribution for the extreme flow quantile can be obtained from the resulting collection of estimates. In balanced resampling, first introduced by Davison et al. (1986) , each data point appears the same number of times in the union of the resampled data sets. This is accomplished by creating B copies of the original sample and then concatenating the samples to obtain a sample of length B·n, where B is the number of resamples desired and n is the original data set length. The elements of the concatenated sample are randomly permutated and the permutated sample is then divided into B samples of length n. A total of B estimates for the quantile of interest are then obtained and are used to estimate the desired confidence intervals. The procedure to find the 100(1 -2α)% confidence intervals, following Faulkner & Jones (1999) , is: 1. Generate B resampled data sets using balanced resampling, as described above. 2. For each sample, estimate the extreme flow quantile of interest,
Q is the estimate of the T-year flow quantile from the ith sample. Quantile estimates are obtained by the method of L-moments calculated using unbiased estimates of the probability weighted moments. 3. Calculate bootstrapped residuals, E i , which are the deviations of each estimated quantile from the quantile estimate for the original sample. The calculation of E i is through
T sam Q is the sample estimate for the T-year flow quantile. 4. Rank the deviations from smallest to largest and find E (m) and E (p) where m = α(B + 1) and p = (1 -α)(B + 1). For B = 999, this implies choosing the 25th and 975th values to construct 95% confidence intervals. 5. Construct the confidence interval for the unknown quantile as:
The confidence interval defined in step 5 uses what is known as a test-inversion approach (for details, see Faulkner & Jones, 1999; Carpenter, 1999) .
Pooled analysis
In many situations, information from more than one streamflow location is pooled to improve the estimation of extreme flow quantiles at a site of interest. This approach can be applied to sites which are ungauged, or to sites which have a gauging record that is not sufficiently lengthy to afford an accurate estimate of the quantile of interest. The approach involves forming a collection of gauging stations, called a pooling group, where the members of the pooling group are in some way considered to be similar in terms of hydrological response (Burn, 1997; Cunderlik & Burn, 2002) .
In pooled frequency analysis, an estimate of the uncertainty associated with an extreme flow quantile is also typically desired. Although attempts have been made to derive "regional" estimates for the confidence intervals, these approaches generally suffer from the same limitations as the asymptotic approach for single site analysis plus additional complications arising from the pooling of information from the collection of gauging stations. An example of an asymptotic approach is the work of De Michele & Rosso (2001) who applied an asymptotic formula for the GEV distribution, based on the work of Lu & Stedinger (1992) , for estimating confidence intervals in a pooled frequency analysis context. However, this technique involves determining the sample size as the total number of station-years of record in the pooling group, an assumption that ignores the impact of spatial correlation in the data within the pooling group (see De Michele & Rosso, 2001, p. 458) . Since a pooling group will generally exhibit spatial correlation, a procedure that preserves the existing spatial correlation structure is required.
A resampling approach can again be used to estimate the confidence intervals for the case of pooled frequency analysis. To preserve the spatial correlation structure of the data in the pooling group, a vector bootstrap approach (GREHYS, 1996) can be used. In vector bootstrapping, resampling is done on years such that selecting a year implies that all sites with a data value for that year have the corresponding data value included in the bootstrap sample. This approach ensures that the spatial correlation structure in the original data set is preserved in the resampled data sets. The approach can be implemented by applying a balanced resampling to the years in a manner analogous to the approach used for single site analysis for flow values. The use of balanced resampling implies that all years from the collection of years with data will appear the same number of times in the union of the resampled data sets. Once the pooled data set has been assembled, quantiles can be estimated in accordance with the pooling method employed and confidence intervals calculated following the approach outlined above for single site analysis. Faulkner & Jones (1999) presented a similar approach for rainfall frequency analysis.
APPLICATION OF THE RESAMPLING APPROACH
Comparison with an asymptotic formula
Lu & Stedinger (1992) present a formula for calculating the asymptotic variance of a quantile estimate for the GEV distribution when the parameters are estimated using the method of L-moments. The cumulative distribution function for the GEV distribution is:
where ξ is a location parameter, α is a scale parameter, and κ is a shape parameter. The variance can be estimated from (Lu & Stedinger, 1992) :
where Q T is the estimate for the T-year flow event; a 0 (T), a 1 (T), a 2 (T), and a 3 (T) are coefficients that depend on the return period, T; and n is the number of observations in the sample. The values for coefficients for different return periods are tabulated in Lu & Stedinger (1992) . With the asymptotic variance calculated through equation (2), the confidence intervals can be determined by assuming that the extreme flow estimates follow the Gaussian distribution. Stedinger et al. (1993) report that equation (2) provides estimates of the variance that are relatively accurate for record lengths of 20-70 years and for κ values less than or equal to -0.2.
To compare the resampling and formula approaches for calculating confidence intervals, 18 data sets of annual maximum daily flow were considered. The data sets were assembled to reflect varying hydrological conditions and also varying record lengths. The data were drawn from three sources. The first source is data from the UK contained in the Flood Estimation Handbook (FEH, 1999) , from which eight rivers were selected. The second source is data from rivers on the Canadian Prairies and is from data examined in Burn (1997) . Seven rivers were selected from this data set. The third set of rivers is located in north-central Italy and is based on data investigated in Castellarin et al. (2001) . Three Italian rivers were analysed. Table 1 summarizes the important characteristics of the rivers examined. In Table 1 , UKi refers to the ith station from the UK data set, CAi refers to the ith station from the Canadian data set and ITi refers to the ith station from the Italian data set. For each of the rivers, the GEV distribution was visually confirmed to provide a reasonable fit to the observed extreme flow data. Also reported in Table 1 are the values for α and κ for the GEV distribution with the parameters fitted using the method of L-moments (Hosking & Wallis, 1997) . These values are required for estimating the confidence intervals using equation (2). The final information contained in Table 1 is an assessment of the agreement between the two estimates for the distribution of the estimates of extreme flow. The ratio of the confidence interval width for the formula approach divided by the width from resampling was calculated and averaged over four return periods. Calculations were performed for the 10-, 20-, 50-, and 100-year extreme flow quantiles. The agreement was classified as being either a good agreement, implying that both approaches provided similar distributions, or the resampling approach was considered to have a narrower distribution. Note that there was only one case where the formula approach yielded a slightly narrower distribution than the resampling approach, perhaps implying that the formula approach may overestimate the uncertainty in the extreme flow quantile estimates. Three of the data sets yielded a good agreement between the approaches while 15 data sets resulted in a narrower distribution using the resampling approach. There appears to be no pattern in terms of the record length or the GEV parameters for the sites that yielded a good agreement in comparison to those that resulted in a narrower distribution for the resampling approach.
Figures 1 and 2 provide a comparison of the probability density functions for the 10-and 100-year extreme flow quantiles for two sites. For the resampling calculations, the number of resamples was set to 999. The resampled probability density functions plotted in Figs 1 and 2 were obtained by fitting a nonparametric distribution to the 999 estimates of the extreme flow quantile. The nonparametric fitting was obtained using an approach described by Adamowski (1985) . The intent with the nonparametric fitting was to produce a smoothed representation of the probability density function for comparison purposes. Figure 1 presents the results for UK4, a site that exhibits a good agreement between the estimated probability density function for the two approaches.
The agreement between the distributions that is observed in Fig. 1 is typical of the results for the other sites that were classified as having a good agreement. Figure 2 presents the results for CA4, a site that results in a narrower probability density function for the resampling approach. Apparent from Fig. 2 is that the resampling results lead to a dramatically narrower probability density function for the 100-year quantile, while the two approaches are in closer agreement for the shorter return period. This behaviour was found to be characteristic of the results for the other sites for which the resampling results led to a narrower distribution. Clearly the two approaches can lead to very different estimates for the confidence intervals, especially for the longer return periods.
Single site analysis
In this section, the characteristics of the resampling method for the estimation of confidence intervals at a single site are explored further. In the previous section of this paper, the method of L-moments was used to estimate extreme flow quantiles in order to allow a fair comparison between the resampling approach and the formula approach.
In the remainder of this paper, the L-median approach (FEH, 1999) to quantile estimation is adopted. This choice is made here to be consistent with the approach taken in the pooled analysis that will follow. The basis for estimating extreme flow quantiles with the L-median approach is:
where QMED is the estimate of the median flood for the site of interest and x T is the estimated dimensionless growth curve for the site. Equation (3) represents an implementation of the so-called index flood approach. Traditionally, the flow magnitude that is used for the index flood has been the mean of the annual flood series. However, FEH (1999) has adopted the median flood, QMED, as the index flood since estimates of QMED are more robust than are estimates of the mean annual flood. In the FEH approach, the growth curve is defined so that the 2-year growth factor is equal to 1, implying that the median of the growth curve distribution is 1. This is in contrast to a more traditional approach wherein it is the mean of the growth curve that is equal to 1.
The parameters of the growth curve can be estimated by matching the sample L-moment ratios to the L-moment ratios for the selected distribution function and matching the sample median to the theoretical median (i.e. the 2-year event). In this work, the distribution function is selected based on a pooled analysis following procedures outlined in Hosking & Wallis (1997) . Following this approach, the data series from the UK are seen to be well characterized by the Generalized Logistic (GLO) distribution, the Canadian data sets are observed to follow the GEV distribution, and the Italian data sets follow either the GLO distribution (two sites) or the GEV distribution (one site). The quantile function for the GLO distribution can be defined as:
where ξ is the location parameter, α the scale parameter, and k the shape parameter. The median value is the value corresponding to a return period of 2 years (i.e. probability of exceedence of F = 0.5). Substituting T = 2 in equation (4) results in (Robson & Reed, 1999) :
The GLO growth curve is then defined by substituting x = Q/QMED in equation (4) resulting in:
where β = α/ξ. The parameters k and β can be estimated from the sample L-moment ratios as (Robson & Reed, 1999) :
where t 2 and t 3 are the sample L-moment ratios, which can be calculated as (Hosking & Wallis, 1997) :
where the l i are sample L-moments that can be calculated from the available data set (Hosking & Wallis, 1997) . The L-median estimates for the parameters of the GEV distribution can be derived in a similar manner (Robson & Reed, 1999) . L-median estimates for the parameters were used with the resampling approach for each of the data series presented in Table 1 . Selected results are presented in the section of the paper dealing with pooled frequency analysis, where the results for single site and pooled analysis are compared. In addition to calculating the confidence intervals for each site, an investigation of the impact of the record length on the confidence intervals, and the corresponding extreme flow quantiles, was performed. Two sites with long gauging records were examined. The sites selected were CA7 and IT1 with record lengths of 52 and 74 years, respectively. For each site, the effect of varying the record length was evaluated by selecting three record lengths shorter than the entire record length and conducting an analysis on randomly selected data sets each with the same, shorter, record length. The process can be summarized as follows: 1. Randomly select a sample of size n s , where n s < n, the full record length. Random selection is without replacement so that a single extreme flow event can occur no more than once in an individual resampled data set. 2. For each sample, determine extreme flow quantiles, and the corresponding 95% confidence intervals, for a selection of return periods. The confidence intervals are estimated using the resampling approach with B = 999 resamples. 3. Repeat steps 1 and 2 a total of N times (in this work N = 500). 4. Determine, from the N values, the median of the extreme flow quantile estimates and the median for the upper and lower 95% confidence intervals. The median value is selected here because it is a robust measure of central tendency. Figure 3 (a) and (b) displays the results for sites CA7 and IT1, respectively. The three sets of lines show the extreme flow quantiles (the middle set of lines) and the upper and lower 95% confidence intervals. Figure 3(a) shows results for the 10-, 20-, 50-, 100-, and 200-year return periods for site CA7 that have been fitted to the GEV distribution. The available record length for the site is 52 years and subsets of lengths 30, 40, and 50 years have been selected. The results reveal that both the quantile estimates and the confidence intervals are quite sensitive to the available record length. The perils of estimating even the 50-year return period flow event from a data set with a record length of only 30 years are readily apparent. It is further observed that the uncertainty associated with the 100-year event estimated with a 30-year record length is roughly equivalent to the uncertainty associated with the 200-year event estimated with a 50-year record. Finally, it is noted that the upper confidence interval exhibits greater variation with changes in the record length than is the case for the lower confidence interval. Figure 3 (b) displays corresponding results for site IT1 that have been fitted to the GLO distribution. The available record length for the site is 74 years and subsets of lengths 30, 50, and 70 years have been selected. This site displays minimal variability in the quantile estimates, but does exhibit record length sensitivity in the confidence intervals. The 70-year record length is seen to offer substantively narrower confidence intervals, even in comparison to the results from a record length of 50 years. Note that, even with a record length of 70 years, the uncertainty associated with the 100-year event, and especially the 200-year event, is quite large. Reducing these uncertainties is the intent of pooled frequency analysis, which is discussed below.
Pooled frequency analysis
A fundamental task in pooled frequency analysis is identifying the pooling group of gauged locations from which extreme flow information will be combined to derive a
quantile estimate for the site of interest. Many approaches to this task have been proposed including the definition of a focused pooling group (see, for example, Burn, 1990; FEH, 1999; Burn & Goel, 2000; Castellarin et al., 2001; Cunderlik & Burn, 2002) . Most approaches involve determining a similarity measure that defines a distance, in an appropriate space, between the target site and every potential member of the pooling group. The pooling group is then defined to consist of all gauging stations that are sufficiently "close" to the target site.
The FEH (1999) advocates setting a target number of station-years of data to include in a pooling group where the target number is a function of the return period of interest. The suggested guideline is to include 5T station-years of data, where T is the return period of interest. The proximity of each station to the target site is then defined in a three-dimensional space with attributes consisting of the catchment area, catchment rainfall, and a measure of the soil type characteristics. The information from stations in the pooling group is combined using a weighted average approach as defined by (Robson & Reed, 1999 is a pooled L-moment ratio, M is the number of stations in the pooling group, and w i is a weighting factor defined by:
where n i is the number of years of record for site i, and s i is a similarity ranking factor defined as:
where the denominator is the total number of station-years of record in the pooling group and the numerator gives the number of station-years in the pooling group provided by sites that are no more similar to the target site than is site i, where the sites have been ordered by their similarity to the target site.
The pooling procedure noted-above is recommended in the FEH (1999) and was applied herein to the data sets in Table 1 from the UK. For the remaining data sets, a similar approach was applied with the sole difference being in the attributes used to define the similarity between sites. For the Canadian data, similarity was defined in terms of seasonality measures described in Burn (1997) , while for the Italian data similarity was defined in terms of different seasonality measures as described in Castellarin et al. (2001) . Seasonality measures are defined in terms of the timing of flood and/or rainfall events and have been demonstrated to result in effective pooling groups.
Selected results from applying the resampling approach to confidence interval estimates based on pooled frequency analysis are presented in Fig. 4(a)-(c) . Figure 4(a) presents the results for site UK7 from Table 1 . This site has a record length of 38 years, representing a reasonable amount of at-site information. The pooling group that is formed for this site was designed for estimating the 100-year extreme flow quantile and thus contains 500 station-years of data. The pooling group comprises
18 stations, including the target site. The pooling group can be considered acceptably homogeneous in accordance with the H 2 criterion of Hosking & Wallis (1997) with H 2 = 0.17. Note that a value of H 2 < 1 signifies a pooling group that is acceptably homogeneous. Figure 4 (a) reveals a good agreement between the at-site and pooled fit of the GLO distribution to the observed data. Both the at-site and pooled 95% confidence intervals are plotted in Fig. 4(a) with the pooled confidence intervals reflecting a considerable reduction in uncertainty associated with the extreme flow quantiles, especially for the longer return periods. Note that by definition, both estimates of the 2-year event are equal to the estimate of the at-site median flood, and therefore the estimated 95% confidence intervals, for the 2-year event, are also equal. Figure 4 (b) presents the results for site CA6. This site has a record length of 33 years. The pooling group that is formed for this site was also designed for estimating the 100-year extreme flow quantile and contains 503 station-years of data. The pooling group comprises 12 stations, including the target site. The pooling group can be considered acceptably homogeneous with H 2 = -0.53. Figure 4 (b) reveals a divergence between the at-site and pooled fit of the GEV distribution to the observed data with the pooled fit resulting in lower estimates for extreme flow quantiles for return periods longer than two years. The at-site fit is more heavily influenced by the largest observed flood event than is the pooled fit. The at-site and pooled 95% confidence intervals plotted in Fig. 4(b) again reveal that the pooled confidence intervals are considerably narrower with the differences again especially noticeable for the longer return period events. Figure 4 (c) presents the results for site CA7. This site has a record length of 52 years. The pooling group that is formed for this site contains 12 stations, including the target site, and 507 station-years of data. The pooling group can be considered acceptably homogeneous with a value of H 2 = -1.09. Figure 4 (c) reveals a slight divergence between the at-site and pooled fit of the GEV distribution to the observed data. The at-site and pooled 95% confidence intervals plotted in Fig. 4(c) again reveal that the pooled confidence intervals are considerably narrower with the differences especially noticeable for the longer return period events. This is true even though the available at-site record is 52 years, a record length that would be considered lengthy in comparison to what is available at many gauging stations. These results emphasize the importance of adopting a pooled frequency approach especially for the estimation of quantiles with a return period that is close to or longer than the at-site record length.
The final investigation with the pooled frequency analysis explores the sensitivity of the estimates for extreme flow quantiles and the 95% confidence intervals. As noted above, the pooling groups in this work were defined to have approximately 500 station-years of data. This section explores how the pooled fit and the confidence intervals change if the target number of station-years of data is increased or decreased by approximately 10%. An example of the results obtained is presented in Fig. 5 for site UK7. The original pooling group contained 500 station-years of data and the reduced and expanded pooling groups contained 441 and 559 station-years of data, respectively. Figure 5 displays the upper end of the extreme flow quantile vs return period plot for the original pooling group and a reduced and an expanded pooling group. The plot reveals only minor sensitivity to the pooling group size for the quantile plot and modest sensitivity for the 95% confidence intervals. The confidence intervals are narrower for the larger pooling group, particularly for the longer return period events. This confirms the logic imbedded in the 5T guideline of the FEH (1999) that recommends increasing the pooling group size as the return period of interest increases. The results in Fig. 5 , and the results for other stations that are not shown here, indicate that the precise size of the pooling group is not critical but that the general concept of an increased pooling group size for longer return periods is sound. This conclusion is apparent from the behaviour of the confidence intervals for the different sized pooling groups.
CONCLUSIONS AND RECOMMENDATIONS
A balanced resampling approach for estimating confidence intervals for extreme flow quantiles has been presented. The results from applying the approach to individual extreme flow data sets reveal that the resampling approach has advantages in comparison to the formula approach. The resampling approach does not require assumptions, is easy to implement, and, for the example data sets examined, resulted in either narrower confidence intervals or similar results to those from the application of an asymptotic formula. It appears as though the confidence intervals estimated using an asymptotic formula may tend to overestimate the uncertainty associated with the estimates of extreme flow quantiles. The resampling approach was applied to both single site records and in the context of a pooled frequency analysis. The results indicate considerable reductions in uncertainty associated with pooled frequency analysis, especially for longer return period events. The confidence intervals for single site analysis were used to explore the effect of the available record length on the uncertainty associated with extreme flow quantiles. The results revealed that short record lengths lead to considerable uncertainty in the estimates for quantiles with a long return period. Finally, the confidence interval estimates for the pooled analysis were used to demonstrate that pooled frequency analysis is preferred to single site analysis and that it is advantageous to increase the pooling group size when estimating longer return period events.
